IMPORTANCE Motor slowing appears in preclinical Alzheimer disease (AD), progresses with AD progression, and is associated with AD pathologic findings at autopsy. Whether amyloid-β (Aβ) is associated with gait speed in elderly individuals without dementia and whether cognition and apolipoprotein E ε4 (APOE ε4) influence this association remain unknown.
MAIN OUTCOMES AND MEASURES
We assessed cerebral Aβ on Pittsburgh Compound B (PiB) positron emission tomography, gait speed over 4.57 m (15 ft), and cognition on the Mini-Mental State Examination and Trail Making Test Parts A and B. We grouped participants into high Aβ (PiB + ) and low Aβ (PiB -) groups on standardized global PiB cutoffs and examined group differences. We studied the influence of cognition and APOE ε4 on the global and regional associations between gait speed and Aβ in the whole sample and the CN subsample.
RESULTS Among the 183 study participants, mean (SD) age was 85.5 (3) years, 76 were women (41.5%), and 177 were white (96.7%). The PiB + individuals were comparable to the PiB -individuals on demographics, comorbidities, cognition, hippocampal volume, and small-vessel disease but not on gait speed (0.85 vs 0.92 m/s, P = .01) or proportion of APOE ε4 carriers (29 [29.0%] vs 5 [6.0%], P < .001). In the whole sample and the CN subsample, the association between global PiB retention and slower gait withstood adjustment for covariates (β = −0.068, P =.03andβ=−0.074,P = .04, respectively); however, this association was attenuated by Mini-Mental State Examination and Trail Making Test Parts A and B and was rendered statistically nonsignificant by APOE ε4 in both samples (β = −0.055 and β = −0.058, respectively; both P Ն .10). Several regional associations between gait speed and PiB uptake withstood relevant adjustments; however, APOE ε4 rendered only the medial (β = −0.22, P = .03) and lateral (β = −0.08, P = .03) temporal regions, subcortical white matter (β = −0.13, P = .02), and occipital regions (β = −0.15, P = .03) in the whole sample and the occipital regions (β = −0.21, P = .01) in the CN subsample statistically significant.
CONCLUSIONS AND RELEVANCE Cerebral Aβ deposition is associated with slower gait speed in elderly individuals without dementia; however, this association is weaker in those who are CN. Cognition and APOE ε4 carrier status influence the association between Aβ and gait speed in elderly individuals without dementia.
presence of an APOE ε4 allele is linked to accelerated motor decline in aging, 17, 18 with exceptions. 19, 20 Besides age, APOE ε4 is the largest risk factor for AD, and the presence of an APOE ε4 allele increases Aβ accumulation in CN older adults 5, [21] [22] [23] [24] and in prodromal and clinical AD. [24] [25] [26] Therefore, cognition and APOE ε4 genotype may influence the association between Aβ and gait speed in elderly individuals without dementia. We investigated the association between cortical and regional Aβ deposition and gait speed in elderly individuals without dementia and assessed whether cognition and APOE ε4 status influence this association. We further examined these associations in a subsample of older adults deemed CN in the parent study 5 to understand whether the association between Aβ deposition and gait in the entire cohort was driven by those with MCI. We hypothesized that greater cortical Aβ deposition is associated with slower gait in the whole sample, but its magnitude and statistical significance would be weaker in those without MCI (ie, the CN individuals). In addition, we posited that cognition and APOE ε4 would independently influence the global and regional association between Aβ deposition and gait speed beyond that explained by demographic factors, cardiac risk, cortical atrophy, and smallvessel disease, factors known to play a role in age-related motor slowing.
11,12

Methods
Population
The Gingko Evaluation of Memory (GEM) study (clinicaltrials.gov Identifier: NCT00010803), a double-blind, placebocontrolled, randomized clinical trial of Ginkgo biloba targeted to prevent dementia, particularly AD, recruited CN elderly individuals and elderly individuals with MCI. 27, 28 Participants without dementia at study entry were followed up annually from January 1, 2000, through December 31, 2009, in the GEM study. A mean (SD) of 10 (3) months after the GEM study closeout visit, 194 participants without dementia enrolled at the University of Pittsburgh site were recruited for the GEM imaging substudy that included brain magnetic resonance imaging and Pittsburgh Compound B (PiB) positron emission tomography (PiB-PET). 5, 29 Eligibility criteria for the GEM imaging substudy were described previously. 5, 29 Eleven participants were not included in this analysis because of technical issues relating to their PiB-PET (n = 3) and magnetic resonance imaging (MRI) (n = 8). This study analyzed data from 183 GEM study participants who had complete brain MRI and PiB-PET data along with physical performance measures. The GEM parent study and neuroimaging substudy protocols were approved by local institutional review boards of the University of Pittsburgh, Pittsburgh, Pennsylvania. Written informed consent was obtained from all participants for the parent study and the imaging substudy. Data analysis was performed from October 1, 2015, to June 1, 2016.
Cognitive Assessment and Adjudication of MCI
All participants underwent detailed neuropsychological assessments annually as part of the GEM study, 27,28 a subset of whom were included in the GEM imaging substudy. 5, 29 We assessed global cognitive function on the Mini-Mental State Examination (MMSE) and attention and executive function on the Trail Making Test Part A (TMT-A) and Part B (TMT-B). 28 Adjudication of MCI was conducted by the GEM Cognitive Diagnostic Center, taking into account all neuropsychological assessments from the GEM parent study and the GEM imaging substudy. Criteria for MCI included a cutoff of 1.5 SDs below the age-and education-adjusted norm on 2 to 3 tests. 5 
Gait Speed
Time to walk 4.57 m (15 ft) was measured using a protocol similar to the one used to assess gait speed in the Short Physical Performance Battery 30 and has been described previously.
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Briefly, a 4.57-m-long traverse was demarcated with tape, and participants were instructed to begin walking from standing position at the start line and continue walking past the end line. Time was measured using a stopwatch, which was started after the prompt when one foot started to move across the start line and was stopped when the first foot crossed the 4.57-m end mark. Two consecutive 4.57-m walks were obtained, the first at the usual pace and the second at a rapid pace. 31 We used
Key Points
Questions Is brain amyloid-β (Aβ) associated with gait speed, and do cognition and apolipoprotein E ε4 (APOE ε4) status influence this association in elderly individuals?
Findings In this secondary analysis of a cross-sectional study, we found that, in 183 elderly individuals without dementia, gait speed was associated with Aβ deposition independent of cardiac risk, hippocampal volume, and small-vessel disease burden. This association was attenuated by cognition and rendered statistically nonsignificant when accounting for APOE ε4 carrier status.
Meaning Cognitive functions and APOE ε4 status influence the association between brain Aβ and motor function in elderly individuals without dementia.
PiB-PET Method
The PiB-PET method was reported previously. 5 
APOE Genotyping
APOE genotyping was performed using polymerase chain reaction on DNA isolated from whole-blood samples as described previously. 34 Participants with at least 1 APOE ε4 allele (ε2/ε4, ε3/ε4, or ε4/ε4) were identified as APOE ε4 carriers.
Covariates
Several age-related changes are linked to gait and cognitive performance in older adults. 11, 12 Among these, cardiac risk factors are also associated with cerebral Aβ deposition 29 and APOE ε4 carrier status. 35 Hence, analyses were adjusted for covariates that included demographics (age, sex, race, and educational level), body weight, hypertension, coronary heart disease (presence of self-reported or medical record review-based diagnoses of angina, myocardial infarction, angioplasty, bypass surgery, pacemaker, valve replacement, or heart failure), stroke, and MRI measures of cortical atrophy and small-vessel disease (bilateral hippocampal volume and total volume of white matter hyperintensities, both presented as a proportion of intracranial volume).
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Statistical Analysis
We compared PiB + and PiB − groups on demographic, health, and key brain measures using unpaired, 2-tailed, independentsamples t tests. We examined the association between global PiB retention and gait speed using multiple regression adjusting for the above covariates. We included cognitive measures (MMSE, TMT-A, and TMT-B) and APOE ε4 carrier status separately as additional independent variables in the unadjusted and adjusted models. We repeated the analyses using a subsample of participants deemed CN after excluding those with MCI. We included an interaction term in the models to examine whether the association between PiB SUVR and gait speed was different in APOE ε4 carriers and noncarriers based on observations in other settings. 36 However, recognizing that interaction terms have low statistical power, we a priori planned an exploratory analysis stratified by APOE ε4 carrier status. Finally, we performed another exploratory analysis of regional association between PiB SUVR and gait speed, initially adjusting for all covariates and then further adjusting for APOE ε4 status. To assess whether the time between gait assessment and PiB-PET influenced the overall results, we performed a sensitivity analysis by including the duration of time between gait assessment and PiB-PET as a covariate. We set α to .05 to identify statistical significance.
Results
Sample Characteristics
In No differences were found in gait speed between the placebo and Gingko biloba arms of the study in the whole sample (0.89 vs 0.87 m/s, P = .60) or in the CN subsample (0.89 vs 0.92 m/s, P = .40).
Association Between Global PiB SUVR and Gait Speed Table 3 gives the association between global PiB binding and gait speed. In the whole sample, greater global PiB SUVR was associated with slower gait (regression coefficient [β] = −0.086, P = .005), and this association remained significant after adjustment for above covariates (β = −0.068, P = .03). The MMSE score correlated with gait speed (r = 0.24, P = .002); the TMT-A and TMT-B scores correlated with both global PiB SUVR (r =0.3, P = .005 and r = 0.18, P = .02, respectively) and gait speed (r =−0.3,P < .001 and r =−0.19,P = .01, respectively). The association between PiB SUVR and gait speed was attenuated but tended to persist after adjusting for MMSE (β = −0.07, P = .02), TMT-A (β = −0.06, P = .04), and TMT-B (β = −0.07, P =. 02) scores. Accounting for APOE ε4 in the model rendered the association between PiB SUVR and gait speed nonsignificant and contributed to approximately 16% of the additional explained variance in the entire sample (Table 3) .
In the CN elderly individuals, greater global PiB SUVR was associated with slower gait speed (β = −0.072, P = .04) even APOE ε4 status (β = −0.06, P = .10). APOE ε4 explained approximately 10% of the additional explained variance in the association between PiB SUVR and gait speed (Table 3) . We did not find a statistically significant interaction with APOE ε4 and global PiB with respect to gait speed. We found no significant associations between APOE ε4 carrier status and gait speed (eTable 1 in the Supplement). The stratified analysis by APOE ε4 carrier status suggested that the associations between gait speed and PiB SUVR, MMSE scores, TMT-A scores, and TMT-B scores were stronger in the APOE ε4 noncarriers than in carriers in both samples (eTable 2 in the Supplement).
We performed a sensitivity analysis to examine whether the duration between gait assessment and PiB-PET had any bearing on the association between Aβ and gait speed. With the period between MRI and gait assessment as a covariate in the regression analysis, the strength of the unadjusted association between global PiB SUVR and gait speed was unchanged (whole sample: β = −0.086, P = .005; CN subsample: β = −0.072, P = .04).
Association Between Regional PiB SUVR and Gait Speed
The Figure depicts an exploratory analysis showing the coefficient of the association between regional PiB SUVR for global PiB SUVR and regional PiB SUVR for the whole group and for the subsample limited to CN individuals adjusted for demographics, body weight, hypertension, coronary heart disease, stroke, MMSE score, and normalized hippocampal and white matter hyperintensity volumes but not adjusted for APOE ε4. In the whole sample, slower gait was significantly associated with regional PiB SUVR in the AVS (β = −0.07, P = .03), LTC (β=−0.09,P = .01), MTC (β = −0.24, P =.02),P AR(β=−0.07 , P = .03), PRC (β = −0.06, P = .02), SMC (β = −0.12, P =. 02), SWM(β=−0.11,P = .03), and OCP (β = −0.14, P = .046). However, in CN elderly individuals, slower gait was significantly associated with greater regional PiB SUVR in the AVS (β=−0.08,P = .04), LTC (β = −0.10, P = .02), PRC (β = −0.07, P = .02), and SMC (β = −0.08, P = .02) (Figure) . Gait speed was not significantly associated with regional PiB SUVR in any other ROIs in the whole group or in the subsample of CN elderly individuals.
The Figure also shows the associations between regional PiB SUVR and gait speed adjusted for APOE ε4 status. In the models adjusted for the above covariates (Figure) , we found that additional inclusion of APOE ε4 rendered the regional association between gait speed and PiB SUVR in the FRC, PRC, AVS, and ACG nonsignificant ( Figure) in the whole sample and in the subsample of individuals without MCI (the CN individuals). The statistically significant associations between gait speed and PiB SUVR in the MTC (β = −0.22, P =.03),L TC(β=−0.08, P = .03), OCC (β = −0.15, P = .03), OCP (β = −0.15, P = .03), and SWM(β=−0.13,P = .02) were retained in the whole sample; however, in the sample without MCI, this association was limited to the OCC (β = −0.21, P = .01).
Discussion
In this sample of elderly individuals without dementia in the category that we term oldest old, brain Aβ deposition was present at high levels in 54.6% and was associated with slower gait speed independent of demographics, cardiac risk, hippocampal volume, and small-vessel disease. The association between brain Aβ deposition and gait speed was influenced by global cognitive and executive function capabilities and APOE ε4 carrier status. Gait speed was associated with regional Aβ in the AVS, MTC, LTC, PAR, PRC, SMC, and SWM. However, APOE ε4 attenuated the associations between gait speed and global Aβ and the Aβ deposition in several anterior brain regions, particularly in the CN sample. To our knowledge, this is one of the first reports to highlight the influence of cognition and APOE ε4 on the association between global and regional Aβ deposition and gait speed in elderly individuals without dementia and in CN elderly individuals.
Prior studies 4, 37 have linked Aβ pathologic findings to physical performance measures in aging and neurodegenerative diseases. In population studies, Aβ plaques and neurofibrillary tangles, hallmarks of AD pathologic findings, are .04
Global .13
Abbreviations: See Table 1 ; CN, cognitively normal.
a Covariates included in the adjusted model were age, sex, race, educational level, weight, hypertension, coronary heart disease, stroke, and volume of hippocampal and white matter hyperintensities on magnetic resonance imaging normalized to intracranial volume.
APOE ε4 increases Aβ deposition in individuals with preclinical AD and CN individuals.
21,24,35,39 APOE ε4 also has other effects on the brain, such as facilitating tau hyperphosphorylation. 35 Moreover, APOE ε4 carriers have more severe gait impairments Cognitively normal subsample .04
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Analyses were adjusted for covariates (age, sex, race, educational level, weight, hypertension, coronary heart disease, stroke, bilateral hippocampal volume, and white matter hyperintensities on magnetic resonance imaging normalized to intracranial volume) not including apolipoprotein E ε4 (APOE ε4) carrier status (left) and including APOE ε4 carrier status (right). Regions are arranged in descending order of magnitude of the regression coefficient. Error bars indicate 95% CIs. PiB indicates Pittsburgh Compound B.
of literature suggests that APOE ε4 may influence cortical control of gait by influencing both Aβ-related and Aβ-unrelated processes, which may explain why controlling for APOE ε4 in the statistical analyses led to diminution of the magnitude of the association between Aβ and gait speed. The association between Aβ and gait speed appears to have been driven by 34 and 27 APOE ε4 carriers in the whole sample and the CN subsample, respectively; this small sample of APOE ε4 carriers may have also precluded any interaction between APOE ε4 and interpretation of the association between global PiB retention and gait speed within APOE ε4 subgroups. However, our findings complement the increasing body of literature that indicates that APOE ε4 status may play a role in the association between global cortical Aβ deposition and gait speed in elderly individuals without dementia and CN individuals.
Cognition plays an important role in motor planning and gait control in older adults, including those without dementia. 40 In CN elderly individuals, slower gait is associated with worse attention, executive function, visuospatial processing, and memory. [40] [41] [42] In elderly individuals without dementia, Aβ is associated with global cognitive function, 13, 14, 43 memory, 13, [43] [44] [45] attention/executive function, 14, 46 and visualspatial processing. 14, 43 We found that global cognitive function and executive function measures attenuated the association between global PiB SUVR and gait speed in the whole sample and rendered the association between Aβ and gait speed statistically nonsignificant in the CN subsample, suggesting that Aβ may influence higher-level cognitive processes that play an important role in gait control in these populations. Furthermore, APOE ε4 modulates the association between global Aβ and global cognition, memory, and visual-spatial processing, 14, 43 albeit with exceptions. 13 Therefore, our findings suggest that APOE ε4 may influence the cognitive processes involved in the control of gait and influence gait slowing in elderly individuals. The exploratory regional analysis in the entire cohort, including the 21.3% with MCI, revealed that Aβ deposition in the AVS, ACG, MTC, LTC, PAR, SWM, SMC, and PRC was associated with gait speed, whereas in the CN sample, the regional associations were limited to the SMC, AVS, PRC, and LTC. These findings are supported by another recent report 38 on the regional associations between Aβ and gait speed. The SMC, AVS, PAR, PRC, and related networks play an important role in gait control, 47, 48 and our data suggest that Aβ in these areas may affect gait speed in older adults. However, we also found that regional associations in the ACG, AVS, PAR, and PRC were not significant after correction for APOE ε4. The APOE ε4 allele influences Aβ deposition in the FRC, ACG, AVS, PAR, and PRC regions. 21, 49 In PiB + elderly individuals without dementia, regional Aβ distribution is similar to that of patients with AD, including nonspecific binding in the SWM, 8, 49, 50 and is associated with cognition-medial temporal Aβ with memory 44, 45 and frontal, temporal, and parietal Aβ with global cognition. 14 This finding may explain why APOE ε4 rendered these predominantly anterior regional associations nonsignificant in the entire sample and the CN subsample. Our findings differ slightly from the recent study 38 on regional Aβ deposition and gait associations in a heterogeneous sample of older adults selected on the basis of memory problems (99.2%), slow gait (11.7%), and impaired instrumental activities of daily living (6.3%) that reported that greater regional Aβ deposition in the anterior cingulate, precuneus, putamen, and occipital cortex regions was related to slower gait; these analyses were adjusted for APOE ε4 status but not for cardiac risk, white matter hyperintensity volume, or cortical atrophy. 38 The differences in our findings from this study 38 could relate to varying inclusion criteria, delineation of ROIs, differences in the study samples, and the statistical adjustments used.
Our findings indicate that Aβ is not strongly associated with gait speed in CN individuals, suggesting that Aβ is not the main driver of slow gait speed in aging or AD. Aβ may coexist and contribute to other AD-related brain changes, such as inflammation, tau aggregation, and neurofibrillary tangle pathologic findings, which spread to the neocortex and coincide with onset of AD symptoms, 51 and may include gait slowing. 2, 3 In PiB + CN individuals, Aβ deposition may be an early event in the AD process and may be weakly associated with gait speed, nevertheless modified by the APOE ε4 allele that favors Aβ deposition over tau aggregation in CN aging. 24 Changes in the brain in CN older adults may be independent of Aβ. 52 Given the lack of research in this area, we speculate that gait speed in elderly individuals may be affected by Aβ-dependent and Aβ-independent pathways influenced by APOE ε4.
Limitations
Our study has several limitations. The study was an exploratory secondary analysis of data of well-characterized elderly individuals who had available PiB-PET and physical performance measure data. The smaller sample size, especially in the APOE ε4 subgroup analyses, resulted in lower statistical power that is required to indicate meaningful conclusions. We cannot exclude the possibility of other AD-related conditions, such as tau, contributing to gait slowing in our sample. The timing of gait speed assessment was not concurrent with PiB-PET; however, we performed a sensitivity analysis that found that controlling for the duration of time between gait assessment and PiB-PET did not affect the overall results. Last, this was a cross-sectional analysis that included an exploratory analysis of regional associations on a wellcharacterized sample; therefore, although our findings are hypotheses generating, we cannot address causality or directionality of these associations.
Conclusions
This study reveals that, in elderly individuals without dementia, gait speed was modestly associated with Aβ deposition independent of cardiac risk, hippocampal volume, and smallvessel disease burden. In addition, the association between Aβ deposition and gait speed was attenuated by APOE ε4 and cognition. 
